We introduce a scattering-type scanning near-field infrared microscope (s-SNIM) for the local scale near-field sample analysis and spectroscopy from room (RT) down to liquid helium (LHe) temperatures. The extension of s-SNIM down to T = 5 K is in particular crucial for low-temperature phase transitions, e.g. for the examination of superconductors, as well as low energy excitations. The LT s-SNIM performance is tested with CO 2 -IR excitation at T = 7 K using a bare Au reference and a structured Si/SiO 2 -sample. Furthermore, we quantify the impact of local laser heating under the s-SNIM tip apex by monitoring the light-induced ferroelectric-to-paraelectric phase transition of the skyrmion-hosting multiferroic material GaV 4 S 8 at T c = 42 K. We apply LT s-SNIM to study the spectral response of GaV 4 S 8 and its lateral domain structure in the ferroelectric phase by the mid-IR to THz freeelectron laser-light source FELBE at the Helmholtz-Zentrum Dresden-Rossendorf, Germany. Notably, our s-SNIM is based on a non-contact atomic force microscope (AFM), and thus can be complemented in-situ by various other AFM techniques, such as topography profiling, piezo-response force microscopy (PFM) and/or Kelvin-probe force microscopy (KPFM). The combination of these methods support the comprehensive study of the mutual interplay in the topographic, electronic and optical properties of surfaces from room temperature down to 5 K.
I. INTRODUCTION
In the last decade, scattering-type scanning nearfield infrared optical microscopy (s-SNIM) has developed into a powerful and widespread method for the nanoscale imaging and spectroscopic analysis at infrared (IR) and terahertz (THz) wavelengths [1] [2] [3] [4] [5] . Providing a resolution ways beyond the classical diffraction limit 6 , s-SNIM has valuably contributed to the fields of 2D materials (e.g. graphene [7] [8] [9] and MoS 2 10 ), to the research of metamaterials and superlenses [11] [12] [13] , as well as to the investigation of semiconductor and organic nanostructures 2,14 , just to mention a few examples. Nevertheless, a lot of prominent effects in solid-state physics such as superconductivity 15, 16 , phase transitions in multiferroic materials 17, 18 or the confinement in lowdimensional quantum structures 19 need to be explored at low temperatures (LT). Combining LT with the huge potential of IR and THz nanoscopy thus promises great a) Electronic mail: d.lang@hzdr.de b) contributed equally to this work advances in understanding and probing fundamental excitations, such as phonons, magnons and polaritons, in these exotic material classes. The goal of this work is to advertise such a promising combination that involves the FELBE tunable free-electron laser (FEL) at the Helmholtz-Zentrum Dresden-Rossendorf, Germany, as a high repetition rate, narrow-band light source tunable from 5 to 250 µm wavelength.
To the best of our knowledge, the first work on LT s-SNIM was reported by Moldovan-Doye et al. 20 and used the s-SNIM to collect (rather than excite) mid-IR to THz photons with sub-diffraction resolution at T = 100 K, exploring the light emission of an (active) quantum cascade laser element that was coupled to a photonic crystal. Moreover, Yang et al. 21 demonstrated LT s-SNIM at T = 200 K on non-conducting domains in V 2 O 3 single crystals that nucleate around topographic defects. Furthermore, a recent publication by McLeod et al.
18
impressively showed the detailed mapping of the V 2 O 3 insulator-to-metal transition at T > 160 K.
Our work here demonstrates LT s-SNIM (Fig. 1) operation down to 5 K, while exploring different samples including Au, structured Si-SiO 2 and multiferroic GaV 4 S 8
FIG. 1. Sketch of the LT s-SNIM: IR/THz radiation is focused onto the tip-sample junction inside the LHe cryostat. Elastically backscattered radiation from the tip-sample system is measured and the near-field contributions extracted, which contain the local information of the sample permittivity ε as a function of temperature T and wavelength λ. Both sample and tip are electrically contacted in order to enable complementary AFM-techniques such as PFM or KPFM.
with both the CO 2 laser and the FEL 3 . The overall LT s-SNIM functionality at various temperatures is illustrated by inspecting a topographically planar Au surface as well as a structured Si/SiO 2 -sample. We study the multiferroic material GaV 4 S 8 22-25 in order to quantify the local impact of IR radiation by the tip-sample confinement. Moreover the local spectral response as well as the lateral distribution of structural domains below 42 K are studied on the same GaV 4 S 8 sample by means of in-situ LT s-SNIM, PFM, and KPFM 17, 25, 26 .
II. SETUP A. s-SNIM
In s-SNIM, infrared radiation is scattered by the AFM tip that oscillates a few nm above the sample surface. Due to the tip-sample interaction in the optical near-field, the radiation scattered to the far field contains information on the local refractive index tensor of the sample 6,27 . Our LT s-SNIM is based on a custom-made LT atomic force microscope (AFM) system (by Attocube Systems AG) using a Janis Research Company LHe bath cryostat. For s-SNIM measurements, the AFM is operated in tapping-mode 28 , with the cantilever being mechanically excited at its resonance frequency f 0 of about 170 kHz with a typical oscillation amplitude of 50 nm. The actual cantilever motion is detected with a fiber-based homodyne interferometer at λ = 1310 nm. We use standard non-contact AFM cantilevers (PPP-NCLPt from NANOSENSORS ) for all measurements. AFM tips possess a 25 nm PtIr5 coating that enables spectrally flat optical excitation over the whole wavelength range from 5 to 250 µm 29 . Equally, such tips show an excellent thermal and electrical conductivity, e.g. to allow for specific complementary AFM-mode operation such as PFM or KPFM at one and the same sample position.
PFM makes use of the converse piezoelectric effect, and thus is able to probe different components of the local piezoelectric tensor of the material under (2)] is focused on the tip-sample system in the cryostat (3) through an outer window (4; KRS5, quartz or ZnSe) and an inner diamond window (5) . The backscattered radiation is again focused on and detected by a infrared/THz detector (6; MCT, Ge:Ga detector or hot-electron bolometer). The laser power is recorded simultaneously by a powermeter (7) . The quartz windows (8) enable opical access for alignment and positioning by a camera (9) . (b) Cryostat with heatexchange system (1), sample tube (2) containing the AFM (not shown here), and LHe (3) and LN2 (4) dewar vessels.
inspection 26, 30, 31 . Applying a 1 -10 kHz AC voltage with a typical amplitude of 1−10 V between tip and sample in contact-mode of the AFM leads to local distortions and sample oscillations that are sensed by the AFM probe and demodulated via a lock-in amplifier. The lock-in amplifier measures both amplitude A PFM and phase Φ PFM with respect to the excitation. Note that due to the interferometric cantilever detection, only out-of-plane components of the piezoelectric tensor can be addressed in our LT set-up.
KPFM, on the other hand, operates in non-contact mode, and allows to locally quantify and compensate any electrostatic potential offset between tip and sample surface 32, 33 . KPFM hence not only minimizes cross-talk of electrostatic forces and topography or s-SNIM signals, but equally allows for probing the local work function 34 or sample surface photo-voltage 35 of the sample system simultaneously to s-SNIM investigations. For KPFM, we typically apply a 1 V AC-bias at 4 kHz to the tip on top of the fundamental oscillation amplitude of the cantilever.
B. LT s-SNIM optical setup
The optical setup of our s-SNIM is sketched in Fig. 2 (a). As shown, either a narrow-band table-top CO 2 laser or the FEL at Helmholtz-Zentrum Dresden-Rossendorf are used as IR excitations. The FEL wavelength is tunable over a broad range from 5 µm to 250 µm (2000 cm −1 to 40 cm −1 , 60 THz to 1.2 THz or 248 meV to 5 meV), and provides a 1-25 ps pulse train at a repetition rate of 13 MHz. The typical spectral width is about 1 % of the actual wavelength. The tunability of the continuous wave (cw) CO 2 laser is limited to various sharp lines between 9.6 µm to 11.4 µm.
After passing a geometric beam-splitter (BS), half of the incident radiation is directed to a power meter to monitor the stability of the incident beam at a typical power of 10 to 50 mW at the position of the LT s-SNIM probe. The other part of the beam is focused onto the tip apex using a 3 ′′ Au-coated parabolic mirror sitting outside of the cryostat, with a resulting numerical aperture of about 0.2 and a focus diameter of about 100 µm at the s-SNIM probe for λ = 10 µm. Both the incident and the backscattered radiation pass through two cryostat windows: an outer window made of KRS-5, ZnSe or Quartz for different wavelength regimes, respectively, and an inner diamond window. This results in a total attenuation of about 50 % for every direction. For all measurements presented here, the radiation is polarized parallel to the incident plane (p-pol) of the tip-sample system, which results in the strongest near-field response 6 . Nevertheless, it is possible to rotate the polarization by 90
• resulting in perpendicular (s-pol) polarization with respect to the incident plane.
The backscattered radiation, that carries the information about the refractive index of the sample on the local scale, is collected by the same parabolic mirror and, after passing through the BS, is focused onto the detector. Depending on the wavelength, we use either a photoconductive mercury cadmium telluride (MCT) detector (4 µm < λ < 26 µm), a LHe-cooled gallium doped germanium (Ge:Ga) photoconductive detector (24 µm < λ < 50 µm), or a LHe-cooled indium anitmonide (InSb) hot-electron bolometer (50 µm < λ < 250 µm). The detector output is demodulated at the n-th harmonic of the cantilever resonance frequency Ω using a lock-in amplifier. The resulting signals are further referred to as NF nΩ . This technique effectively suppresses far-field components in the detected signal 6,36,37 .
C. Cryostat
The bath cryostat [see Fig. 2 (b) ] consists of two dewar vessels for liquid nitrogen and liquid helium allowing for low-temperature measurements down to T = 5 K. The inner tank connects to the sample tube via a heat exchanger, where the liquid helium cooles the outer wall of the sample tube. The sample tube hosts the AFM and is filled with He gas at a pressure of about 100 mbar in order to facilitate heat transfer between the sample and the wall.
Two thermosensors combined with heating elements are located directly below the sample holder as well as on the wall of the sample tube at the height of the tip. Whenever the temperature at both thermosensors are equal, the system is in a thermal equilibrium, which is the starting point for all LT s-SNIM investigations. The temperature measured at the sample holder is hereafter labeled as T s , whereas the actual temperature on the sample beneath the tip can differ due to local laser heating as discussed later. The temperature T s is controlled by the flow of liquid gas and a temperature controller connected to both heating elements.
The optical access to the cryostat is provided in two separate paths: the near-field s-SNIM path (excitation and detection) is coupled in via the parabolic mirror and is focused onto the AFM tip as described above, while the monitoring and adjustment path hosts an optical camera mounted at the rear exit of the cryostat (see Fig. 2 ).
III. RESULTS

A. LT s-SNIM perfomance
We verify the near-field perfomance of our LT s-SNIM system by probing a structured Si/SiO 2 -sample (for details see Apendix A) at a nominal temperature of T s = 7 K using the CO 2 laser at a wavelength of λ = 9.7 µm (see Fig. 3 ). Note that this sample system has been chosen deliberately to reveal a s-SNIM contrast that is temperature independent and thus can be compared with RT results 38 . A topography scan of this sample is depicted in Fig. 3 (a) with a zoomed-in sector (white rectangle) shown in Fig. 3 (c) . The higher, bright areas represent SiO 2 whereas the lower, dark areas correspond to Si. The scanned section contains stripes and rectangles of different sizes. Note that the smallest of them are even on the magnitude of the probe's apex diameter of about 50 nm. We obtain a RMS-roughness of 0.5 nm on SiO 2 , which proves the excellent AFM stability at low tempera- 40 for λ = 9.7 µm resulting in lower and higher s-SNIM signals, respectively 6 . The signal-tonoise ratio of NF 2Ω for SiO 2 is approximately 9 and even the smallest structures are clearly visible (top-left and bottom-right areas). Residual particles on the scan, that can neither be assigned to SiO 2 nor to Si, appear dark in the near-field image [see red circle in Fig. 3 (a) and (b) ]. This indicates that they are most likely highly insulating and being nonresonant with respect to the excitation wavelength.
A more detailed view is presented in the cross section profile in Fig. 3 (e) . The Si-SiO 2 edge in the topography shows a width of less than 100 nm in the AFM. Notably, the spatial resolution of NF 2Ω is similar. To verify the near-field character of NF 2Ω , we compare its dependence on the tip-sample distance by retract curves on Si, SiO 2 , and Au, respectively, as depicted in Fig. 3 (f) . Both for Si and SiO 2 , NF 2Ω is more than 10 times smaller than for the plane Au reference sample since Au, as a metal is highly reflective (ε Au = −4330 + 757i 41 ), which results in a huge near-field signal. On all three materials, a non-linear decay of N F 2Ω , typical for the near field, is observed within 30 nm at Max(NF 2H )/e. This decay is known to scale with the tip diameter 6 and therefore is in good agreement with the observed spatial resolution better than 100 nm. 
B. Temperature calibration
The sample temperature T s of our LT s-SNIM system is measured below the sample holder and is thus accurate for samples with excellent thermal conductivity like metals. However, the temperature of the sample at the local position of the tip may be higher due to local heating by the focused IR-laser and additionally due to the field enhancement at the tip apex of the metallic probe. This heating effect is expectedly influenced by sample parameters such as thermal conductivity and wavelength-dependent infrared absorption. Especially the latter will play an important role for the s-SNIM investigation of materials close to absorption resonances, for instance within the Reststrahlenband. Measurements in this regime are of particular interest for s-SNIM since the near-field enhancement conditions result in an enhanced sample sensitivity 1, 42 . In order to determine experimentally the local sample heating at the tip induced by the infrared laser, the JahnTeller transition in multiferroic GaV 4 S 8 is used 23, 25 . This material becomes ferroelectric below a critical temperature T c = 42 K 25 , which induces a clear contrast in the PFM-signal (see Fig. 4 d) due to ferroelectric domains with polarizations pointing along any of the four 111 -type axes. Fig. 4 (a) -(c) shows topography and PFM images of the (111) surface of a GaV 4 S 8 single crystal at T s = 20 K, which are all clearly display the lamellar ferroelectric domain pattern. We measure the out-ofplane piezoelectric tensor components discussed in detail by Butykai et al. 25 . We study the effect of local heating with a CO 2 -laser at 10.6 µm. Starting with various temperatures T s < T c the sample is locally heated by the CO 2 -laser. We monitor the temperature T s by the two thermosensors of the cryostat starting in thermal equilibrium. Here, a 2D image of PFM amplitude (A PFM ) and PFM phase (Φ PFM ) of the GaV 4 S 8 sample is recorded to obtain the domain pattern and to chose a suitable line with clear domain contrast [ Fig. 4 (d) ]. During calibration, this line is scanned repeatedly while the laser power P t is increased gradually until the domains disappear in the PFM-signals at a critical laser power P c . For P t > P c the sample is locally heated up to the paraelectric phase, hence the domains vanish leading to zero A PFM and random Φ PFM signals. At the transition point, the local temperature due to laser heating reaches T c . Consequently, the difference ∆T = T c − T s is the resulting temperature increase due to power-dependent sample heating. Fig. 4 (d) exemplarily displays such line scans with vanishing domains upon IR illumination. We note that the reappearing domain pattern is probably highly influenced by the ferroelectric boundaries of the heated paraelectric spot. This laserinduced local heating therefore often fully reproduces or strongly correlates with the initial domain structure, depending on the size of the spot heated above the transition temperature. The systematic analysis of controlled heating experiments will be the aim of a future publi-cation. By setting different starting temperatures T s we find a linear dependence of ∆T on P c for the measured temperature range and extract a laser heating coefficient ξ = ∆T /P c = (1.64 ± 0.1) K mW [see Fig. 4 (e) ]. Even though this coefficient depends on material parameters in terms of heat conductivity and absorbance it gives a general estimation of heating effects in our specific LT s-SNIM setup for off-resonant heating far from absorption peaks.
In order to validate the heating coefficient for resonant excitation close to the Reststrahlenband we have applied the same method while operating the FEL around 31.7 µm. In this case, ξ is about 10 to 15 % higher as compared to the off-resonant case even though the focus diameter is about 3 times larger than with the CO 2 laser at 10.6 µm. However, no significant wavelength-dependence could be observed for the resonant case, indicating a major impact of the specific s-SNIM geometry including the metal-coated tip and cantilever on the heating, rather than absorption by the sample. For GaV 4 S 8 , such a resonance in the near field occurs at around λ = 31.8 µm resulting in an enhanced s-SNIM signal as shown in Fig. 5 (a) for a temperature of T s = 300 K. At the same wavelength the permittivity Re(ε) gets negative 43 which is crucial for observing a strong resonance in the near-field signal 42 . Probing the sample surface within the LT-phase, we observe the typical lamella-shaped domain structure 25 in all in-situ accessible channels for non-contact AFM, i.e. topography, KPFM, and near-field response [ Figs. 5 (b)-(d) ]. Considering the laser power of P t = 12 mW, the temperature calibration discussed above determines the local sample temperature of around 30 K within the ferroelectric phase below T c = 42 K, which is confirmed by all measured channels, topography, s-SNIM and KPFM.
Please note that we have deliberately chosen here a structure that is known to give the same results for all channels. However, as completely different sample properties are probed with AFM, s-SNIM, and KPFM, namely topography, local infrared-optical response and surface potential, these techniques are complementary and in other types of samples a full comprehensive study is enabled.
IV. CONCLUSION
We have reported here a LT s-SNIM system that, in combination with the FEL as a spectrally narrow, tunable IR laser light source, is capable of operating down to 5 K over the broad wavelength range of 5 to 250 µm. The LT s-SNIM allows for sub-diffraction limited infrared optical examination with a wavelength-independent lateral resolution of about 50 nm (λ/2000 at 10 µm). We demonstrate LT s-SNIM operation with respect to distance decay on a Au-film, lateral resolution on Si-SiO 2 and spectral as well as structural resolution on GaV 4 S 8 . Furthermore, we have calibrated the temperature impact due to local laser heating using the Jahn-Teller phase transition of GaV 4 S 8 . Moreover, the setup supports complementary AFM techniques such as KPFM and PFM. The combination of these measurement techniques enables far-reaching opportunities for detailed investigations of phase transitions, superconducting materials and quantum structures on the nm length scale. 
